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Lipid translocation from one lipid bilayer leaflet to
the other, termed flip-flop, is required for the distribu-
tion of newly synthesized phospholipids during
membrane biogenesis. However, a dedicated bio-
genic lipid flippase has not yet been identified.
Here, we show that the efficiency by which model
transmembrane peptides facilitate flip of reporter
lipids with different headgroups critically depends
on their content of helix-destabilizing residues, the
charge state of polar flanking residues, and the
composition of the host membrane. In particular,
increased backbone dynamics of the transmem-
brane helix relates to its increased ability to flip lipids
with phosphatidylcholine and phosphatidylserine
headgroups, whereas a more rigid helix favors phos-
phatidylethanolamine flip. Further, the transmem-
brane domains of many SNARE protein subtypes
share essential features with the dynamic model
peptides. Indeed, recombinant SNAREs possess
significant lipid flippase activity.
INTRODUCTION
Transbilayer lipid translocation, termed flip-flop, is essential for
various biological processes within the cell. The asymmetric
distribution of different lipid types at the plasma membrane is
established by energy-dependent P-type ATPases and ABC
transporters (Paulusma and Elferink, 2010) and disrupted under
certain conditions, like apoptosis, by lipid scramblases (Bevers
and Williamson, 2010). Lipid translocation is also important at
endoplasmic reticulum or bacterial membranes. There, lipids
synthesized at the cytoplasmic leaflet translocate to the exoplas-
mic leaflet to balance the amount of lipid molecules in both leaf-
lets during membrane biogenesis. Although biogenic lipid flip
does not require net input of energy, it involves the energetically
unfavorable removal of the polar lipid headgroups from
hydrogen-bonded lipid networks and their transfer across the
hydrophobic acyl chain region. Thus, this process is slow (t1/2 =
hours to days) in protein-free membranes but fast in biological
membranes (t1/2 = seconds to minutes), indicating the existence
of proteins that catalyze flip (Buton et al., 2002; Chalat et al.,Chemistry & Biology 20,2012; Daleke, 2003; Kol et al., 2004; Marx et al., 2000; Pomorski
and Menon, 2006; Sanyal and Menon, 2009). Although flippase
activity could be reconstituted from detergent extracts of various
membranes (Gummadi et al., 2003; Nicolson and Mayinger,
2000; Watkins and Menon, 2002) the identity of biogenic lipid
flippases is still elusive. Proteolysis or protein modification of
biological membranes inhibited flip-only partially (Hrafnsdo´ttir
et al., 1997; Huijbregts et al., 1998), suggesting that flippase
activity rests on the protein’s inaccessible transmembrane
domains (TMDs). In line with this, lipid flip-flop is induced by
model TMD peptides, termed XALP, that consist of a hydro-
phobic core composed of alternating Leu and Ala residues
flanked by Lys, His, or Trp (Kol et al., 2001, 2004, 2003b).
However, XALP peptides only facilitate translocation of reporter
lipids based on phosphatidylglycerol and phosphatidylethanol-
amine (PE) but are inefficient in phosphatidylserine (PS) and
incapable of phosphatidylcholine (PC) reporter translocation
(Kol et al., 2003b). This is in stark contrast to native biogenic
membranes, for which all major phospholipids flip with similar
efficiency (Kol et al., 2004). Therefore, the structural features of
proteins or TMDs that can promote flip-flop of the major
membrane constituents PC and PS, as well as the mechanism
of flip-flop, have remained unclear.
Previously, we designed a set of low-complexity TMD model
sequences to systematically study the impact of TMD helix
backbone dynamics on lipid membranes. These LV-peptides
contain hydrophobic core sequences that contain helix-
promoting Leu and helix-destabilizing Val, Gly, and Pro residues
at different ratios flanked by Lys or His triplets (Hofmann et al.,
2004) (Figure 1). LV-peptides form transmembrane helices
(Ollesch et al., 2008), and their backbones exhibit sequence-
dependent dynamics in terms of local and transient unfolding
as determined by recording deuterium/hydrogen-exchange
kinetics (Poschner et al., 2009) and molecular dynamics simula-
tions (Quint et al., 2010). The concept that backbone dynamics
is related to the impact of the peptides on membranes was
previously demonstrated by their membrane-fusogenic activity
(Hofmann et al., 2004; Poschner et al., 2009) and the ability of
the more fusogenic variants to induce an unaligned lipid phase
component and phase separation in planar bilayers (Agrawal
et al., 2010).
Here, we uncovered the lipid flippase activity of LV-TMDs. We
find that the variable backbone sequence of these TMDs defines
their ability to flip lipids with different headgroups. In addition, we
demonstrate that recombinant SNAREs can flip reporter lipids63–72, January 24, 2013 ª2013 Elsevier Ltd All rights reserved 63
Figure 1. Sequences of TMD Peptides Used in This Study
The hydrophobic cores are flanked by Lys or His residues, and a Trp is added
for quantification of peptides.
Figure 2. Headgroup-Specific Lipid Flip
(A) Kinetics of C6NBD-PC (upper panels), C6NBD-PS (middle panels), and
C6NBD-PE (lower panels) flip.
(B) Initial flip rates of peptide-containing (P/L = 0.0092–0.012) versus peptide-
free liposomes (means ± SEM, n = 3–5).
See also Figure S1.
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unspecified set of proteins that have been postulated to carry out
biogenic lipid flip at the endoplasmic reticulum in addition to their
fusogenic functions in other organelles.
RESULTS
Several LV-peptides (Figure 1) that are distinguished by the
sequences of their hydrophobic cores, their length, and/or the
identities of polar flanking sequences were examined for their
ability to flip different reporter lipids from the outer leaflet (OL)
to the inner leaflet (IL) of liposomal membranes. Flippase activity
was determined by monitoring flip of the reporter lipids 1-palmi-
toyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-sn-
glycero-3-phosphatidylcholine (C6NBD-PC) -phosphatidylser-
ine (C6NBD-PS), or -phosphatidylethanolamine (C6NBD-PE),
where the fluorescent NBD moiety is conjugated to a C6 acyl
chain. Liposomeswere formed froma standard host lipidmixture
of egg phosphatidylcholine (PC), dioleoylphosphatidylethanol-
amine (DOPE), and dioleoylphosphatidylserine (DOPS) at a
3:1:1 molar ratio unless stated otherwise. The reporter lipids
were incorporated into theOLof either puremembranes ormem-
branes containing1 mol% of the peptides. To allow for flip, the
liposomes were incubated at 37C, and aliquots removed at
different time points were treated with dithionite to chemically
convert the NBDmoiety to a nonfluorescent derivative. Because
the membrane is impermeable to dithionite (Langer and
Langosch, 2011), NBD lipids having translocated to the IL are
protected, and their fluorescence thus serves to quantify flip
(Kol et al., 2004). This assay has previously been used to study
lipid flip-flop in liposomes generated from synthetic lipids, in pro-
teoliposomes containing mixtures of natural proteins, and in
natural membranes. Flip-flop kinetics are typically very slow in
the absence of proteins such that translocation of NBD-PS or
NBD-PC reach only a few percent of the maximum within hours,
whereas integral membrane proteins facilitate flip considerably
(Buton et al., 2002; Chalat et al., 2012; Kol et al., 2001, 2003a).
The Primary Structure of the Hydrophobic Core
Determines the Headgroup Specificity of Lipid Flip
Here, we compared the ability of TMDs L16, LLV16, LV16, and
LV16-G8P9 to induce flip of C6NBD-PC, C6NBD-PS, and64 Chemistry & Biology 20, 63–72, January 24, 2013 ª2013 ElsevierC6NBD-PE. Figure 2A shows the flip kinetics as recorded over
1 hr, and Figure 2B compares the initial flip rates. All TMDs tested
induce lipid flip above the peptide-free control liposomes. Inter-
estingly, the TMDs follow different rank orders in their abilities to
induce flip of different lipid types: initial C6NBD-PC flip rates
follow the order L16 < LLV16 < < LV16 < LV16-G8P9, and the
order for C6NBD-PS flip is L16 z LLV16 < LV16 z LV16-
G8P9. Much higher extents of C6NBD-PC and C6NBD-PE flip
were seen for LV16 and LV16-G8P9 after incubation periods
up to 48 hr, and flip is still not completely saturated at this time
point (Figure S1A available online). Remarkably, the sponta-
neous rates of flip are still quite low after these extended incuba-
tion periods, which is consistent with slow flip of PC and PS
marker lipids in protein-free model membranes (Buton et al.,
2002; Kol et al., 2003b). The higher flip rate of spin-labeled PCLtd All rights reserved
Figure 3. Importance of the Charge State of Terminal Residues
The efficiency of C6NBD-PC (A) and C6NBD-PE (B) flip was investigated for
Lys- or His-tagged LeuVal or Leu cores, respectively, at different pH values.
Background flip rates seen with peptide-free liposomes have been subtracted
(means ± SEM, n = 4–5, P/L = 0.0079–0.0091).
See also Figure S2.
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experiments, which was ascribed to lipid oxidation (Kornberg
and McConnell, 1971). The rank order of the initial C6NBD-PE
flip rates is reversed and corresponds to LV16-G8P9 %
LV16 % LLV16 < < L16. Flippase activity also depends on the
length of the hydrophobic core. Comparing LV-peptide deriva-
tives with 12, 16, or 24 hydrophobic residues reveals that LV16
induces the fastest C6NBD-PC flip (data not shown).
Because LV-TMDs are known to induce liposome fusion (Hof-
mann et al., 2004), we ascertained that flip does not result from
ongoing fusion. To this end, the C6NBD-PC flippase activity of
the strongly fusogenic LV16 was examined after treating the
liposomes with the fusion blocker lysophosphatidylcholine
(Langosch et al., 2001). This lipid blocks fusion but not flip (Fig-
ure S1B), indicating that C6NBD-PC flip is not the result of fusion
but occurs independently from it. As the ability of TMDs to induce
C6NBD-PE and C6NBD-PS flip does not correspond to the rank
order of their fusogenicity (LV16-G8P9 > LV16 > LLV16 > L16;
Hofmann et al., 2004), we also exclude the possibility that
C6NBD-PE and C6NBD-PS flip result from fusion.
In sum, the headgroup specificity of lipid flippase activity is
defined by the sequence of the hydrophobic core that imposes
different helix backbone dynamics.
Positively Charged Flanking Residues Are Required
for Flippase Activity
Here, we tested whether flippase activity of LV-peptides
depends on the charge state of the terminal basic amino acid
triplets that are thought to couple to lipid headgroups (Hofmann
et al., 2007). To this end, we compared flippase activities of
Lys- and His-tagged TMDs at different pH values. Indeed,
exchanging Lys of LV16 for His strongly reduces C6NBD-PC
flip at pH 7.4, where His (pKAz 5.3 within the membrane head-
group region; Hofmann et al., 2007) is uncharged (Figure 3A).
Although we expected that positively charged His at low pH
would rescue the defect, reducing the pH to 4.2 increases
C6NBD-PC flip by His-LV16 only slightly. Analyzing the
secondary structure by Circular Dichroism spectroscopy re-
vealed that replacing the Lys of LV16 by His reduces its a-helical
fraction in the membrane from 65% to 30%, which is com-
pensated for by an increasing b sheet fraction (Figure S2;
Hofmann et al., 2007). The Lys-to-His exchanges thus effectively
reduce the number of TMD helices that can induce C6NBD-PC
flip in addition to potentially affecting TMD-lipid interaction. We
reasoned that the highly dynamic 16-residue LeuVal core
(Poschner et al., 2009; Quint et al., 2010)may form a stable trans-
membrane helix only if the flanking Lys residues extend its
hydrophobic length by snorkeling up to the lipid headgroup
region (Killian, 2003). Thus, we extended the hydrophobic core
to 20 residues. Indeed, His-LV20 is much more helical than
His-LV16 (Figure S2) and exhibits C6NBD-PC flippase activity
at pH 4.2, which is comparable to that of LV16 (Figure 3A). We
also examined the impact of the charge state of the flanking trip-
lets on C6NBD-PE flip mediated by L16. Again, exchanging Lys
of L16 for His strongly reduces C6NBD-PE flip at pH 7.4, whereas
C6NBD-PE flip by His-L16 is fully restored at pH 4.2 (Figure 3B).
It is not surprising that the His-flanked conformationally rigid
oligo-Leu core did not display the length dependence exhibited
by the LeuVal core, as His-L16 and L16 show similar helicitiesChemistry & Biology 20,(L16, 80%, His-L16 75%) as shown previously (Hofmann
et al., 2007).
We conclude that positively charged flanking residues are
required for both C6NBD-PC and C6NBD-PE flip. In addition,
a helical state of the TMD appears to favor flip activity.
Flip Depends on N- and C-Terminal Halves
of the Hydrophobic Core and on Acylation
Having shown that lipid flip depends on the hydrophobic cores
and on the polar flanking residues, we examined the importance
of the core sequence next to the N- or C-terminal Lys-triplets. To
this end, we designed two hybrids of L16 and LV16, where N- or
C-terminal halves of the cores are represented by L8 or (LV)4
sequences, respectively, and are termed L-LV16 and LV-L16
(Figure 1). Comparing the flippase activities of parental and
hybrid TMDs reveals that the rate of C6NBD-PC (C6NBD-PS)
flip exhibited by LV16 is reduced by 70% (70%) by
exchanging its N-terminal half by L8, as in peptide L-LV16. By
comparison, C6NBD-PC (C6NBD-PS) flip is reduced but only
25% (40%) when a C-terminal L8 sequence is present, as
in the case of LV-L16. The rate of C6NBD-PE flip is reduced by
50% upon exchanging either the N-terminal or the C-terminal
halves of L16 by (LV)4 in peptides LV-L16 or L-LV16, respectively
(Figure 4A). Thus, N termini and C termini play different roles in
the translocation of different substrate headgroups. C6NBD-PC63–72, January 24, 2013 ª2013 Elsevier Ltd All rights reserved 65
Figure 4. Impact of N- and C-Terminal Core Sequence and Acylation
on Flip Activity
(A) Initial flip rates seen in the presence of hybrid TMDs are compared to those
promoted by L16 or LV16 that were measured in parallel.
(B) Impact of N-terminal attachment of a palmitoyl chain (LV16ac2) on initial flip
rates seen with LV16. Background flip rates seen with peptide-free liposomes
have been subtracted (means ± SEM, n = 3, P/L = 0.0079–0.0092).
Figure 5. Modulation of Lipid Flip by Host Lipid Composition
Dependence of C6NBD-PC (upper panel), C6NBD-PS (middle panel), or
C6NBD-PE (lower panel) initial flip rates on the lipid composition of the host
membrane (means ± SEM, n = 3–5, P/L = 0.0083–0.013).
See also Figure S3.
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the N-terminal than at the C-terminal half of the helix. In contrast,
C6NBD-PE flip benefits from an oligo-Leu core in either half.
To investigate a potential impact of acyl chain modification on
flip, we tested LV16ac16, where a palmitoyl chain is covalently
attached to the N terminus. In comparison to LV16, C6NBD-
PC, C6NBD-PS, and C6NBD-PE flip was enhanced 2-fold by
acylation, suggesting that an acyl chain linked to a TMD
enhances flip of lipids nearby (Figure 4B).
Flip Activity Depends on the Lipid Composition of the
Host Membrane
Here, we assessed the dependence of flip on the lipid composi-
tion of the liposomal host membrane. First, we find that C6NBD-
PC flip is reduced in a PC host relative to the ternary lipidmixture,
whereas the rank order of TMDs is maintained. We then exam-
ined the influence of DOPS and DOPE on C6NBD-PC flip. Addi-
tion of either 20 mol% DOPS or DOPE to PC strongly stimulates
C6NBD-PC flip (Figure 5). The situation is more complex when
the ternary PC/DOPS/DOPE (3:1:1) is compared to PC/DOPS66 Chemistry & Biology 20, 63–72, January 24, 2013 ª2013 Elsevier(4:1). Whereas L16-mediated C6NBD-PC flip is optimized in the
ternary mixture, C6NBD-PC flip driven by LV16 or LV16-G8P9
is attenuated relative to PC/DOPS. Second, we compared
C6NBD-PS flip in the ternary mixture to that in PC/DOPE to
assess how the presence of a host lipid affects flip of the corre-
sponding reporter lipid, for example, by competing with it for the
TMD. We find that C6NBD-PS flip increases in PC/DOPE/DOPS
relative to PC/DOPE, except in the case of LV16-G8P9. Third, we
applied the same rationale to C6NBD-PE flip. Now, DOPE addi-
tion to PC/DOPS tends to inhibit C6NBD-PE flip. Further, we
tested the influence of cholesterol. Adding 20 mol% or 40 mol%
cholesterol to the ternary mixture strongly reduced C6NBD-PC
flip (Figure S3). At this point, we also examined the potential
relationship between flippase activity of our TMDs and their
previously established fusogenicity (Hofmann et al., 2004) by
testing the impact of cholesterol on liposome fusion. We findLtd All rights reserved
Figure 6. Flip Activity of Recombinant Full-Length Vacuolar SNARE
Proteins Vam3p, Nyv1p, and Vti1p Reconstituted into Liposomes
Composed of DOPC/DOPS/DOPE at a 3:1:1 Ratio
(A) Sequences of the predicted TMDs (in black type) with seven N-terminal
flanking residues that contain Lys and/or Arg. Dots represent the soluble
sequences that are not shown.
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Chemistry & Biology 20,that cholesterol is much more efficient in inhibiting C6NBD-PC
flip than in inhibiting fusion. Thus, fusion seems not to require
C6NBD-PC flip.
Taken together, the host lipids influence flip in complex ways.
In general, DOPS tends to stimulate C6NBD-PC and C6NBD-PS
flip. DOPE stimulates C6NBD-PC flip when added to PC;
however, DOPE tends to inhibit C6NBD-PC and C6NBD-PE flip
when PC and DOPS are simultaneously present. Cholesterol
strongly inhibits C6NBD-PC flip.
SNARE Proteins Have Lipid Flippase Activity
The identity of biogenic lipid flippases is still elusive, and it
has been hypothesized that biogenic lipid flip is catalyzed by
a diverse set of integral proteins in addition to their other func-
tions (Holthuis and Levine, 2005; Kol et al., 2003a; Pomorski
and Menon, 2006; Sanyal and Menon, 2009). We reasoned
that a potential proteinaceous PC and PS flippase should share
the key structural features of the more dynamic LV-TMDs.
Intriguingly, the tail-anchored soluble N-ethylmaleimide-sensi-
tive factor (NSF) attachment protein receptor proteins (SNAREs)
appeared to be likely candidates because their single TMDs are
generally enriched in b-branched residues. Further, their TMD N
terminus is exposed to the cytoplasmic face of the membranes
and flanked by positively charged residues (Neumann and
Langosch, 2011) (Figure 6A). SNAREs form a gene family in
eukaryotes whose members drive membrane fusion along the
secretory pathway (Su¨dhof and Rothman, 2009) or the postmi-
totic fusion of fragmented yeast vacuoles (Wickner and Haas,
2000). Here, the purified recombinant full-length yeast vacuolar
SNAREs Vam3p, Nyv1p, and Vti1p were individually reconsti-
tuted into liposomes at P/L-ratios around 0.0015 (Figure 6B).
Testing their flippase activities revealed the initial rates and
extents after 1 hr of reporter lipid flip shown in Figure 6C. All
SNAREs strongly facilitated reporter lipid flip compared to the
protein-free control liposomes. Specifically, Nyv1p and Vam3p
appeared to have stronger effects on the extents seen after
1 hr (Figure 6C, left panels) and intial rates (right panels) of
C6NBD-PC flip compared to Vti1p. By comparison, the differ-
ences in C6NBD-PS and C6NBD-PS flippase activity between
the SNAREs were less pronounced.
DISCUSSION
Structural Requirements of TMDs with Lipid Flippase
Activity
LV-TMD lipid flippase activity depends on the primary structure
and length of the hydrophobic core, the distribution of Leu/Val
within it, and on the charge state of the flanking polar residues.
The hydrophobic core determines the headgroup-specificity of
flip in that the flip rates of C6NBD-PC, and to a lesser extent of
C6NBD-PS, increase with an increasing content in Val or the
GlyPro pair. On the other hand, the strongest C6NBD-PE flip is(B) Coomassie-stained SDS-polyacrylamide gels of proteoliposomes holding
purified SNAREs.
(C) Kinetics (left panels) and initial C6NBD-PC, C6NBD-PS, and C6NBD-PE flip
rates (right panels) of protein-containing (Nyv1p, P/L = 0.0015–0.0017; Vam3p,
P/L = 0.0013–0.0014; Vti1p, P/L = 0.0016–0.0018) versus protein-free control
liposomes (means ± SEM, n = 3).
63–72, January 24, 2013 ª2013 Elsevier Ltd All rights reserved 67
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Model Phosphatidylcholine Flippasesseen with L16. The rank order observed for C6NBD-PC (C6NBD-
PS) flip roughly matches the one that describes the backbone
dynamics of the TMD helices (L16 < LLV16 < LV16 < LV16-
G8P9) as previously investigated by experimental (Poschner
et al., 2009) and computational (Quint et al., 2010) work. Although
this correlation does not prove causation, it is consistent with the
idea that the dynamics of the helix backbone enhances C6NBD-
PC (C6NBD-PS) flip but is detrimental to C6NBD-PE flip. Our
results with Leu/LeuVal hybrid TMDs suggest that the head-
group-specificity of flip depends on whether the backbone
dynamics is higher near the N terminus or the C terminus. In
particular, C6NBD-PC, and to a lesser extent C6NBD-PS, flip
depends more strongly on the N-terminal than on the C-terminal
half of the core sequence, whereas C6NBD-PE flip depends
equally on either half. In the case of LV16-G8P9, the helical state
in the liposomalmembrane accounts for only20%of the TMDs,
while b sheet conformation dominates (Ollesch et al., 2008); it is
likely that it is the remaining highly dynamic LV16-G8P9 helices
that promote flip because another mainly b-sheet-forming
TMD, His-LV16, showed decreased flippase activity.
A positively charged state of the polar residues flanking the
hydrophobic cores is also critical for flip, as indicated by the
activation of His-flanked TMDs by low pH that is thought to
protonate His. In the case of C6NBD-PC flip driven by the highly
dynamic LV16, the His-tagged version predominantly forms
a b sheet structure, which might result from negative hydro-
phobic mismatch of a His-LV16 helix with the membrane (Killian
and von Heijne, 2000). In that case, extending the hydrophobic
core to 20 residues increases helicity and suffices to completely
restore C6NBD-PC flippase activity at pH 4.2. No extension of
the backbone was required to restore C6NBD-PE flippase
activity of His-L16 at pH 4.2, which is in line with the higher
rigidity of the oligo-Leu core (Hofmann et al., 2007; Poschner
et al., 2009; Quint et al., 2010). A slight negative mismatch may
promote flip because flip efficiency decreases when comparing
LV16 to LV24. Taken together, these results indicate that posi-
tively charged flanking residues are required for flip.
What distinguishes LV-TMDs from previous model systems in
lipid flip? Headgroup-specific TMD-mediated lipid translocation
has previously been investigated by Killian and colleagues using
XALP model peptides whose hydrophobic LeuAla cores are
flanked by Lys, His, or Trp. Floppase activity of these TMDs
also depends on positively charged residues near the termini
(Kol et al., 2001). Further, the headgroup specificity of XALP
peptides drops in the order C6NBD-phosphatidylglycerol >
C6NBD-PE >> C6NBD-PS and was undetectable for C6NBD-
PC (Kol et al., 2003b). Conboy and colleagues detected modest
di-stearyl-PC flip-flop induced by WALP23 (Anglin et al., 2010).
Comparing XALP- and LV-TMDs again suggests that a highly
dynamic helix backbone, as in LV16 and LV16-G8P9, is one
structural feature that can enable a TMD to promote significant
C6NBD-PC and C6NBD-PS flip. That the efficiency by which
different headgroups flip critically depends on the primary struc-
ture of the hydrophobic core of a TMDhas, to our knowledge, not
been shown before.
Implications for the Mechanism of Lipid Flip
Lipid headgroups in a membrane are thought to form a
hydrogen-bonded network in which phosphate and carboxyl68 Chemistry & Biology 20, 63–72, January 24, 2013 ª2013 Elseviermoieties can bind to amine or trimethylamine groups of neigh-
boring lipids (Leekumjorn and Sum, 2006; Lo´pez Cascales
et al., 2006; Polyansky et al., 2005). To flip, a polar headgroup
has to leave that network and it has to traverse the hydrophobic
acyl chain region. Because of the larger size and hydration shell,
choline and serine moieties are believed to be inherently more
difficult to translocate than ethanolamine or glycerol groups
(Homan and Pownall, 1988). Also, the trimethylamine group of
choline must pass the membrane in a charged state, whereas
ethanolamine and serine moieties could pass in uncharged
forms (Holthuis and Levine, 2005). Different hypotheses have
been posed to explain how proteins could facilitate lipid flip. A
TMD could (1) provide a hydrophilic pathway along which a polar
lipid headgroup can traverse the bilayer (Smeijers et al., 2006), (2)
limit the membrane defect that is associated with the transloca-
tion of hydrated headgroups (Sapay et al., 2010), (3) disorder the
bilayer at the helix/lipid interface (Kol et al., 2004), or (4) promote
formation of water-filled pores along whose walls lipids could
laterally diffuse from one leaflet to the other (Anglin, et al.,
2010). Our present observations make a pore-mediated mecha-
nism unlikely because the membranes are impermeable to the
reducing agent dithionite (Langer and Langosch, 2011). Further,
they suggest different routes of PC, PS, and PE flip. We observe
that the rate of C6NBD-PC, and to a lesser extent C6NBD-PS, flip
depends on the sequence close to the N terminus of the TMD
and requires positively charged flanking residues. Lys and His
residues can bind via hydrogen-bonding and electrostatic
forces to lipid phosphate moieties, ester carbonyl oxygens,
and carboxyl groups in the case of the serine headgroup (Deol
et al., 2004; Kooijman et al., 2007; Krepkiy et al., 2009; Shahidul-
lah and London, 2008). We propose that the backbone dynamics
of a helix promotes its interaction with the lipids acyl tails and/or
the interaction between basic side chains and polar lipid head-
groups. However, lipids bound to a TMD are unlikely to flip. In
addition, lipid oxygens interacting with Lys or His would not be
available for binding to amine groups of neighboring lipid head-
groups. Thus, lipids forming a primary shell around a TMD could
leave the amine groups of headgroups within a secondary shell
unconnected. Lipids with partially unconnected headgroups
could flip more easily (Figure 7). In addition, the secondary shell
might be more disordered than the bulk membrane. In other
words, increasing TMD dynamics may increase the average life-
time of primary shell lipids, resulting in stronger distortions within
a secondary shell. In a recent modeling study, Tieleman and
colleagues report that XALP peptides reduce the free energy
barrier for DOPE and DOPG, but not POPC, flip-flop (Sapay
et al., 2010). In the presence of the peptides, the defects caused
by hydrated DOPE and DOPG held at a transit position were less
perturbing for the bilayer than a POPC-induced defect. Thus,
XALP peptides appear to facilitate DOPE and DOPG flip-flop
by limiting the membrane deformations that are associated
with the transfer of hydrated headgroups across the acyl chain
region. It would be interesting to see whether a highly dynamic
LV-TMD would increase membrane disorder by itself such that
additional defects caused by a translocating hydrated choline
headgroup would be energetically less unfavorable than in its
absence.
Our model receives support from two observations made
here. First, acylation of LV16 enhances flip 2-fold. As theLtd All rights reserved
Figure 7. A Tentative Model of Lipid Flip around a Transmembrane
Helix
The backbone dynamics of the depicted LV16 helix is highlighted by overlaying
20 exemplary structures taken every 5 ns from a previous molecular dynamics
simulation (Quint et al., 2010). The model predicts that a primary, or first, shell
of more avidly binding lipids like PS, around the helix may give rise to
a secondary, or second, lipid shell that is more disordered than the bulk of the
membrane. Flip of lipids, like PC, may preferentially occur from the second
shell (N, N terminus of the helix; C, C terminus).
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2011), it may interfere with noncovalent interaction of reporter
lipids with the TMD and increase disorder in the membrane
around the TMD. Second, the host lipid composition influences
flip depending on lipid type. Strong stimulation of flip by DOPS
suggests that DOPS competes successfully with reporter lipids
for the TMD. This might enhance their concentration, viz flip
rate, in the presumed secondary shell and/or induce stronger
disorder within it. The phosphate and carboxyl groups of PS
can simultaneously, and thus more avidly, bind to pairs of Lys
residues compared to PC or PE that can only bind to single
Lys. A similar line of arguments would explain weaker stimulation
of flip by addition of the probably weaker competitor DOPE,
which is what we observed in the absence of DOPS. In the pres-
ence of DOPS, DOPE tends to be inhibitory. Possibly, DOPE
preferably interacts with TMD-bound DOPS, thus stabilizing
the bilayer and compromising flip. Killian and colleagues have
argued that the cone-shape of PE may be responsible for its
inhibitory function by increasing the lateral pressure in the
membrane and by increasing acyl chain order (Kol et al., 2003a).
A Role for SNARE Proteins in Biogenic Lipid Flip?
The structural features found here for the LV-TMDs (LV16, LV16-
G8P9) that flip C6NBD-PC predict that a natural protein with
a TMD that (1) is rich in b-branched residues, (2) is flanked byChemistry & Biology 20,positively charged residues, and (3) exposes its N-terminal end
toward the cytoplasmic face of the endoplasmic reticulum
membrane might function as a C6NBD-PC flippase. Many
SNARE proteins fulfill these criteria (Neumann and Langosch,
2011). Indeed, we show that the C6NBD-PC flippase activities
of Vam3p or Nyv1p, but not of Vti1p, are at least as strong as
those of the most active LV-TMDs, especially after considering
that the surface densities of the proteins in the liposomes were
about 6- to 7-fold lower than those of the LV-TMDs. We note
that the TMDs of Vam3p, whose predicted TMD contains 55%
b-branched Ile, Val, and Thr, andNyv1p (37% Ile and Thr) contain
more b-branched residues than the Vti1p TMD (23% Ile, Val),
and their helix backbones are more dynamic than that of the
Vti1p as shown by deuterium/hydrogen-exchange experiments
(W. Stelzer and D.L., unpublished data). This supports our
hypothesis that dynamic TMD helices may promote C6NBD-
PC flip. Also, peptides representing the dynamic TMDs of
presynaptic SNAREs (Stelzer et al., 2008) have recently been
shown to support C6NBD-PC flip (Langer and Langosch,
2011). Taken together, this supports our hypothesis that
dynamic TMD helices may promote C6NBD-PC flip. It is consid-
ered unlikely that lipid flip is required for SNARE-driven
membrane fusion (Langer and Langosch, 2011). However, we
envision that SNAREs could be among those proteins that may
contribute to biogenic lipid flip at the endoplasmic reticulum
membrane before they are routed toward other subcellular
membranes whose higher cholesterol content suppresses their
flippase activity. Other proteins, like the potassium channel
KcsA, leader peptidase (Kol et al., 2003a), and opsin (Menon
et al., 2011) have previously been shown to promote lipid flip-
flop. Therefore, SNAREs may constitute new members of this
growing family of moonlighting proteins.
SIGNIFICANCE
Our results contribute in a 3-fold way to an improved under-
standing of biogenic lipid flip. First, they reveal structural
properties that enable a transmembrane helix to promote
flip of lipids with headgroups that are difficult to translocate
across the hydrophobic domain of themembrane, like phos-
phatidylcholine and phosphatidylserine. Previously investi-
gated membrane-spanning helices were inefficient in that
(Kol et al., 2001, 2003b). Second, our results suggest amodel
of how these lipids could overcome the significant energy
barrier that makes their translocation so difficult. According
to this model, lipids that directly interact with the peptides
may form a primary shell around the peptide that could
induce a more disordered secondary lipid shell from which
flip occurs more easily. Flip from a perturbed secondary
shell might be particularly relevant for difficult-to-translo-
cate lipid types, such as phosphatidylcholine. Being com-
patible with the experiments presented here and elsewhere
this model goes further than previously forwarded ideas
(Anglin et al., 2010; Kol et al., 2004; Sapay et al., 2010;
Smeijers et al., 2006). Third, the structure/function relation-
ships established here for the model TMD-peptides are
shared by the TMDs of most SNARE proteins. Indeed, the
recombinant SNAREs tested here catalyze flip of different
lipid types. As it had been suggested that biogenic lipid flip63–72, January 24, 2013 ª2013 Elsevier Ltd All rights reserved 69
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to their main functions, SNAREs could contribute to flip
before they are routed toward other subcellular membranes,
where they promote membrane fusion.
EXPERIMENTAL PROCEDURES
Peptide Synthesis
Peptides were synthesized by Fmoc chemistry (PSL, Heidelberg, Germany)
and were >90% pure as judged by mass spectrometry. Concentrations were
determined via tryptophan absorbance using an extinction coefficient of
5,600 M1cm1.
Preparation of Liposomes
Liposomes (final lipid concentration 3 mM) were made by mixtures of egg
phosphatidylcholine (eggPC), di-oleoyl-phosphatidylethanolamine (DOPE),
and di-oleoyl-phosphatidylserine (DOPS) at a ratio of 3:1:1. Cholesterol was
added in some experiments. Lipid solutions in cyclohexane, with or without
peptides dissolved in trifluoroethanol or hexafluoroisopropanol, were soni-
cated for 30 s and immediately frozen at 80C, followed by lyophilizing over-
night. The dried mixture was than rehydrated and sonicated (Hofmann et al.,
2004) in 20 mM Tris/HCl (pH 7.4), 10 mM NaCl or 20 mM Na-Citrat (pH 4.2),
10 mM NaCl for CD spectroscopy, or in 50 mM Tris/HCl (pH 7.4), 150 mM
NaCl, 0.1 mM EDTA or 20 mM Na-Citrat (pH 4.2), 150 mM NaCl, 0.1 mM
EDTA for fusion assays and flip assays. P/L-ratios were determined as previ-
ously described (Hofmann et al., 2004).
CD Spectroscopy
Peptides were reconstituted into liposomes, and CD spectra were taken with
a Jasco J-710 automatic recording spectral polarimeter. Spectra of liposomes
(1.5 mM lipid containing peptides at P/Lz 0.01) were recorded from 200 nm to
260 nm in a 1 mm dichroically neutral quartz cuvette at 20C by using a time
constant of 4 s, a scan speed of 100 nm/min, and a sensitivity of 100 millide-
grees per cm. Spectra represent the signal-averaged accumulation of ten
scans. Baseline spectra were recorded with pure liposomes and subtracted
from the spectra of peptide-containing liposomes. All spectra were converted
to mean residue ellipticity (qmr), and secondary structures were calculated
using the CDNN/PEPFIT algorithm that is based on a user-defined set of
peptide-based reference spectra (Poschner et al., 2007). Peptide concentra-
tions were determined as previously described (Hofmann et al., 2004).
Liposome Fusion
Liposomes with or without integrated peptides were prepared as described
above. Donor liposomes contained 0.8 mol% (w/w) of N-(7-nitro-2-1,3-
benzoxadiazol-4-yl)hexadecylphosphatidyl-ethanolamine and N-(lissamine
rhodamine B sulfonyl)hexadecylphosphatidyl-ethanolamine (Molecular
Probes, Eugene, OR, USA). Liposome fusion was determined using a well-
established fluorescence dequenching assay upon rapidly shifting the temper-
ature to 37C as previously described (Hofmann et al., 2004).
Flip Assay
For outer leaflet (OL) plus inner leaflet (IL) labeling, liposomes were made by
adding 0.1 mol% of either 1-palmitoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]hexanoyl}-sn-glycero-3-(C6NBD)-PC,-PS or -PE to the lipid mixture.
For OL labeling, 0.1 mol% of the respective C6NBD-analog from a 0.5 mM
stock solution in ethanol was added to the liposomes, which were incubated
for 30 min on ice to ensure complete incorporation of the probe into the OL.
Phospholipid flip was initiated by incubation of the liposomes at 37C. Aliquots
of 25 ml were put on ice to stop the flip reaction after several time intervals. By
incubating the samples with 500 ml of 16mM ice-cold aqueous sodium dithion-
ite (DTN) solution for 10 min, the NBD-molecules were reduced in the OL.
Immediately after DTN treatment, fluorescence measurements were per-
formed in a 1 cm quartz cuvette at 4C using a Shimadzu RF-1501 Spectroflu-
orimeter (Shimadzu, Kyoto, Japan). Flip was quantified by comparing NBD-
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where FFlip (100) is the fluorescence ratio of liposomes whose IL and OL had
both been labeled, determined before and after reducing by DTN. Thus, Flip
[%] represents the maximum value of flip that could be reached if the probe
initially added to the OL completely equilibrates between both membrane
leaflets. The NBD fluorescence that was seen at 0 min incubation at 37C
and dithionite treatment was subtracted from all fluorescence values to correct
for background. The rates of flip [%/min] were calculated by fitting the first
20 min of the kinetics by a polynomial function and determining its first deriv-
ative at t = 1 min.
SNARE Protein Expression and Purification
Untagged reading frames encoding Vti1p and Nyv1p were inserted into the
pGST plasmid, and Vam3p with an N-terminal hexa-His tag was cloned in
vector pET28a. Rosetta2DE3lysS cells (Novagen, Madison, WI, USA) were
transformed with expression plasmids encoding untagged Vti1p or Nyv1p,
or Vam3p with an N-terminal hexa-His tag and grown in Luria-Bertani medium
containing chloramphenicol (30 mg/ml) and kanamycin (35 mg/ml) at 37C until
OD600 = 0.4–0.6. The cells expressing Vti1p and Nyv1p were then induced with
1 mM IPTG and shaken for another 3 hr prior to harvest. Vam3p-expressing
cells were cooled on ice for 30–45 min, induced with 1 mM IPTG, incubated
overnight at 16C, and washed with PBS before harvesting. Rosetta cells
expressing Nyv1p or Vti1p were resuspended in buffer containing 20 mM
HEPES (pH 8), 0.1 M NaCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF, and
1 mg/ml Pepstatin. The cells were lysed by sonication. Following centrifugation
(15,000 rpm for 30min at 4C), the pellet was resuspended in buffer containing
20mMHEPES (pH 8), 1 mMEDTA, 1mMDTT, 1mMPMSF, 1 mg/ml Pepstatin,
and 0.5% (v/v) Thesit and incubated for 1 hr at 16C. The suspension was
centrifuged, and the clear lysate was loaded on a HiTrap Q-FF column (GE
Healthcare, Waukesha, WI, USA). The column was washed with buffer con-
taining 20 mM HEPES (pH 8), 1 mM EDTA, 1 mM DTT, 40 mM CHAPS, and
10% (v/v) glycerol, and the protein was eluted in the same buffer containing
additionally 0.5 M NaCl. For Vam3p purification, the cells were resuspended
in buffer containing 20 mM HEPES (pH 8), 0.5 M NaCl, 0.5% (v/v) Thesit,
and 10% (v/v) glycerol. We added 0.2% (w/v) lysozyme and 1 mM PMSF and
incubated the mixture on ice for 30 min. Cells were lysed by sonication and
subsequently centrifuged (15,000 g for 30 min at 4C). For purification, the
supernatant was loaded on a Ni-NTA affinity column (QIAGEN, Hilden,
Germany). The column was washed with buffer containing 20 mM HEPES
(pH 8), 0.5 M NaCl, 40 mM CHAPS, and 10% (v/v) glycerol. The protein was
eluted in the same buffer with an imidazole gradient (0–500 mM).
Protein Reconstitution
Proteoliposomes with vacuolar SNAREs were prepared as previously
described (Mima et al., 2008) but with modifications. Dried lipid films were
composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine, 1,2-dioleoyl-sn-
glycero-3-phospho-L-serine, and 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (Avanti Polar Lipids, Alabaster, AL, USA) at a ratio of 3:1:1 (w/w/w). The
dried lipid film was dissolved in RB500 (Mima et al., 2008) containing 40 mM
CHAPS, 20 mM HEPES (pH 8), 0.5 M NaCl, and 10% (v/v) glycerol, and the
desired amount of purified protein was added to yield mixtures containing
3 mM lipid plus 3 mM protein. The lipid-protein-detergent mixture was incu-
bated at 16C for 1 hr and dialyzed overnight against 2 l of RB500 buffer. The
proteoliposomes were subjected to histodenz gradient (0%–40%) and were
harvested after ultracentrifugation (50,000 rpm for 3 hr at 4C) from the 0%/
30%histodenz interface. To estimate the final P/L-ratio, the lipid concentration
was determined as previously described (Hofmann et al., 2004), whereas the
protein concentration was determined from their staining intensity in Coomas-
sie-stained SDS-PAGE gels using Bovine serum albumin as a standard.
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